Abstract The main goal of this work was the production and characterization of a novel invertase activity from Zygosaccharomyces bailii strain Talf1 for further application to biodesulfurization (BDS) in order to expand the exploitable alternative carbon sources to renewable sucrose-rich feedstock. The maximum invertase activity (163 U ml −1 ) was achieved after 7 days of Z. bailii strain Talf1 cultivation at pH 5.5-6.0, 25°C, and 150 rpm in Yeast Malt Broth with 25 % Jerusalem artichoke pulp as inducer substrate. The optimum pH and temperature for the crude enzyme activity were 5.5 and 50°C, respectively, and moreover, high stability was observed at 30°C for pH 5.5-6.5. The application of Talf1 crude invertase extract (1 %) to a BDS process by Gordonia alkanivorans strain 1B at 30°C and pH 7.5 was carried out through a simultaneous saccharification and fermentation (SSF) approach in which 10 g l −1 sucrose and 250 μM dibenzothiophene were used as sole carbon and sulfur sources, respectively. Growth and desulfurization profiles were evaluated and compared with those of BDS without invertase addition. Despite its lower stability at pH 7.5 (loss of activity within 24 h), Talf1 invertase was able to catalyze the full hydrolysis of 10 g l −1 sucrose in culture medium into invert sugar, contributing to a faster uptake of the monosaccharides by strain 1B during BDS. In SSF approach, the desulfurizing bacterium increased its μ max from 0.035 to 0.070 h −1 and attained a 2-hydroxybiphenyl productivity of 5.80 μM/h in about 3 days instead of 7 days, corresponding to an improvement of 2.6-fold in relation to the productivity obtained in BDS process without invertase addition.
Introduction
Hazardous chemicals escape to the environment by a number of natural and/or anthropogenic activities and may cause adverse effects on the environment and human health. In the last century, increased combustion of fossil fuels, used for the generation of energy and transportation, is responsible for the progressive change in the atmospheric composition due to the emission of numerous toxic gases [1] . Especially, the problem of sulfur dioxide emission has increased much attention in the last years resulting in the implementation of more stringent regulations of sulfur content in fuels.
The commonly physico-chemical process (hydrodesulfurization) used to remove the sulfur from fuels and accomplish the lower levels required implies high operating costs due to the extreme operation conditions crucial for the process success, and additionally, it is not very efficient regarding the desulfurization of some recalcitrant organic compounds contained in fossil fuels, such as dibenzothiophene (DBT) and its derivatives [2, 3] . Thus, the development of alternative/complementary technologies, such as biodesulfurization (BDS), has received considerable interest internationally.
BDS is based on the use of microorganisms for the removal of sulfur even from the most recalcitrant compounds at mild operating conditions, making it cheaper and more eco-friendly [4] [5] [6] . However, this bioprocess has a few limitations, amongst them is the high costs of the culture medium, which makes the process expensive for further industrial application. Thus, in order to reduce its costs, it is important to search for cheaper carbon sources which can contribute to produce the microbial biomass [7, 8] . In this context and knowing that our desulfurizing microorganism, Gordonia alkanivorans strain 1B, is a fructophilic bacterium [9] , sucrose was chosen as a cheaper fructose-rich carbon source for further BDS tests.
Sucrose is a disaccharide composed of monosaccharides glucose and fructose linked via an ether bond between C1 on the glucosyl subunit and C2 on the fructosyl unit (α1→β2). Sucrose can be hydrolysed by acidic hydrolysis, which requires high temperatures and addition of acids, or by enzymatic hydrolysis with invertase [9] . Invertase (β-D-fructofuranoside-fructohydrolase, E.C.3.2.1.26) catalyzes liberation of β-D-fructofuranose from the non-reducing terminus of the β-D-fructofuranosides such as sucrose [10] . This enzyme is used for the irreversible breakdown of sucrose into glucose and fructose in the preparation of invert sugar syrup and high fructose syrup (HFS). Invertase exhibits marked stability towards temperature, pH changes, and denaturants. Temperature of the reaction mixture determines the rate of sucrose inversion by the active enzyme [11] .
A wide range of microorganisms produce invertases [12] and can use sucrose as the only carbon source and as inducer of such enzyme. In this study, a novel yeast strain identified as Zygosaccharomyces bailii strain Talf1, an inulinase producer isolated at LNEG [13] , was used to produce invertases since it is well known that invertase activity is associated with inulinase activity [14, 15] to further the application to BDS process.
Thus, the main goals of this work consisted on the (i) production of Z. bailii strain Talf1 enzyme extract and characterization of its invertase activity and (ii) application of the Talf1 enzyme extract for DBT desulfurization by G. alkanivorans strain 1B with sucrose as the only carbon source using a simultaneous saccharification and fermentation (SSF) approach. In SSF, both steps (hydrolysis and sugar fermentation) occur simultaneously in the course of BDS at the optimal growth and desulfurization conditions for the desulfurizing bacterium.
Materials and Methods

Commercial Culture Media and Chemicals
Complete culture media were used: yeast malt agar (YMA) and yeast malt broth (YMB) from Sigma. All media were sterilized by autoclaving at 121°C for 15 min. Sucrose was purchased to Merck and glucose to Fagron. As invertase inducer substrates, syrups such as carob liquor (obtained accordingly to Silva et al. [8] ) and industrial sugar beet molasses were used. Jerusalem artichoke (JA) tubers were grown in Oleiros, Portugal, and mashed for juice and pulp extraction. DBT (99 %) was obtained from Acros Organics, 4-mDBT (96 %) was from Aldrich Chem. Co., 2-hydroxybiphenyl (2-HBP) was from Sigma, and dimethylformamide (DMF) was from Riedel de Haën. All other reagents were of the highest grade commercially available.
Microorganisms
In this study, two different microorganisms isolated in our lab were used: the yeast Z. bailii strain Talf1 [13] and the bacterium G. alkanivorans strain 1B [6] . Z. bailii strain Talf1 is maintained on YMA slants at 4°C and sub-cultured monthly for laboratory routine. Both microorganisms are maintained at −20°C by addition of 30 % (v/v) glycerol to previously grown cultures in the appropriate culture medium.
Invertase Production
Strain Talf1 was previously transferred from a fresh YMA slant to 80 ml of YMB in 250 ml Erlenmeyer flask and cultivated aerobically for 24 h at 25°C and 150 rpm for the inoculum production. After, 10 % inoculum was used to inoculate 500 ml Erlenmeyer flasks containing 100 ml of the induction medium consisting of YMB supplemented with different substrates as inducers: 2 % (w/v) sucrose, 2 % (w/v) glucose, 15 % (v/v) carob syrup, 4 % (v/v) sugar beet molasses, 15 % (v/v) Jerusalem artichoke juice, and 15 % (w/v) Jerusalem artichoke pulp. These substrate concentrations were chosen to adjust the initial total sugars concentration to about ∼20 g l . Cultures were grown by shaking at 150 rpm, 25°C for 7 days. Growth broths were centrifuged at 9,000×g, 4°C for 10 min, and the supernatants were used as enzyme crude extracts for enzymatic activity determination. For the best inducer, different concentrations (1-25 %) were assayed in the same conditions but incubated during 10 days to follow the time course profile of invertase activity and establish the optimal enzyme production conditions (inducer concentration and time of production). All extracts were sterilized by filtration through 0.2 μm membrane and kept at −20°C.
For BDS assays, an aliquot of a selected enzyme extract, presenting high invertase activity, was dialyzed overnight in 12,000 MCWO cellulose membrane to remove sulfates sterilized by filtration with 0.22 μm filters and stored at −20°C until its addition to culture medium.
Invertase Activity Determination
For determination of the invertase activity in the several enzymatic crude extracts, the amount of reducing sugars released from sucrose hydrolysis in each reaction mixture was assayed using dinitrosalicylic acid (DNS) method [16] . The reaction mixtures consisting in 2.5 μl of crude enzymatic extract and 977.5 μl of 1 % sucrose in 50 mM sodium citrate buffer, pH 5.5 were prepared and incubated for 10 min at 45°C. After, each reaction was immediately inactivated by putting the reaction mixtures on ice and adding 500 μl of DNS reagent. Subsequently, the reaction mixtures were put in boiling water for 5 min and then cooled on ice for 5 min. Blank controls were prepared with inactivated enzyme crude extracts. All enzymatic reactions were performed in triplicates and blank controls in duplicates. To each reaction tube, 5 ml of distilled water was added, and the absorbance was determined at 540 nm in a UV-Vis microplate spectrophotometer (Multiskan GO, Thermo Fisher Scientific, Finland) in triplicate for each reaction. Quantifications of reducing sugars were carried out using a standard curve. The standard curve for DNS method was prepared using a mixture of fructose and glucose (stock solution: 1 g/l fructose+1 g/l glucose in 50 mM sodium citrate buffer, pH 5.5). One unit of invertase activity (U) was defined as the amount of enzyme responsible for the production of 1 μmol of reducing sugar per minute under the above conditions.
Characterization of Z. bailii Talf1 Invertase Activity
The influence of temperature and pH on invertase activity was carried out on Talf1 crude enzymatic extract obtained by growing the yeast strain in YMB (pH 5.5-6.0) supplemented with 25 % (w/v) Jerusalem artichoke pulp for 7 days at 25°C with shaking (150 rpm). The optimal temperature for sucrose hydrolysis by Talf1 enzymatic extract was determined by incubating a series of reaction mixtures at temperatures ranging from 20 to 70°C. Thermostability was assessed by incubating enzyme extract aliquots (5 ml) at 30, 45, and 50°C for different time intervals from 30 min to 15 days, after which, the remaining invertase activity was determined. The effect of pH on Talf1 enzymatic extract was studied using different buffers: 50 mM sodium citrate (pH 3.0-7.0) and 50 mM Tris-HCl (pH 7.5, 8.0, and 8.5). Stability to pH was also evaluated by incubating Talf1 crude extract aliquots (5 ml) adjusted to different pH values (5.5; 7.5 and 10) at 30°C for different time intervals (0-24 days), after which, the remaining invertase activity was determined. In addition, the influence of different metallic ions on invertase activity was also evaluated, determining the enzyme extract activity in the presence of the following metal salts CaCl 2 , BaCl 2 , MnCl 2 , FeCl 3 , CoCl 2 , MgCl 2 , CuCl 2 , ZnCl 2 , Na 2 MoO 4 , and Na 2 WO 4 (1 and 10 mM) in the reaction mixtures.
DBT Biodesulfurization
The biodesulfurization tests were performed using the bacterium G. alkanivorans strain 1B [6] cultured in a sulfur-free medium (SFM) containing NH 4 Cl (1.22 g l ). This SFM was supplemented with 0.5 g l −1 of a trace elements solution [9] and 10 g l −1 sucrose, as the only carbon source, and its final pH was adjusted to 7.5 before autoclaved at 121°C, 1 atm. for 15 min.
Prior the desulfurization assays, the bacterial inoculum was grown [1 % from a bacterial frozen stock (30 % v/v glycerol 0.99 %)] in SFM supplemented with 5 g l −1 of sucrose and 150 μM DBT. DBT, a fossil fuel model compound, was first dissolved in DMF (Stock solution, 150 mM) and then added into the sterilized culture medium as the only sulfur source. For the desulfurization tests in batch cultures, 4 % (v/v) of the respective inoculum (in late exponential phase) was used to inoculate the culture medium with 10 g l −1 sucrose and 250 μM DBT. Two sets of assays were performed: (i) BDS test with no addition of Talf1 enzyme extract and (ii) BDS test with 1 % of Talf1 enzyme extract in a SSF process in which strain 1B was added simultaneously with the enzyme to the culture medium. Both sets of BDS assays were performed in 500 ml shake flasks at 30°C, pH 7.5 and 150 rpm shaking in duplicates.
Analytical Methods
The cell growth was monitored by reading the absorbance of culture broth samples at 600 nm (Thermo Electron Corporation Spectrophotometer, model Genesys 20, USA). Sugar consumption was determined by high-performance liquid chromatography (HPLC) using a Waters Sugar-Pak I column (Bio-Rad Laboratories, USA) operating at 75°C with Ca-EDTA at 50 mg l −1 as mobile phase at a flow rate of 0.5 ml min −1 . The level of desulfurization was determined by gas chromatography analysis through the production of 2-hydroxybiphenyl (2-HBP), the end product of DBT desulfurization. A solvent extraction of 2-HBP was made from the culture broth with ethyl acetate and measured in a gas chromatograph (CP9001 GC, Chrompack, The Netherlands) equipped with a flame ionization detector accordingly to Alves and Paixão [9] . In all GC measurements, 4-mDBT was used as internal standard to minimize variations.
Results and Discussion
Invertase Production
An important factor for invertase production is the carbon source that is used as inducer. For the production of invertases, Z. bailii strain Talf1 was grown in YMB medium supplemented with different substrates as inducers. Figure 1 shows the results obtained for invertase activity (units per milliliter) in the seven substrates tested after 7 days of cultivation.
These results show that glucose and sucrose were the weaker inducers tested for invertase production and that Jerusalem artichoke acted as the strongest inducer, especially in the form of pulp attaining 134 U ml −1 of invertase activity, so further optimization was carried out selecting JA pulp as the inducer to establish the best conditions for the enzyme production in terms of inducer concentration in culture medium and incubation time. In Table 1 , the results of invertase activity profiles attained with a range of JA pulp from 1 to 25 % (w/v) are presented. These results show that the higher the inducer concentration, the higher the invertase activity in the Talf1 crude enzymatic extract being the best incubation time 7 days, after which, activity starts to decline. The maximal invertase activity (163 U ml −1 ) was observed in crude enzymatic extract of Talf1 grown in 25 % JA pulp for 7 days at 25°C and 150 rpm, so this enzymatic extract was selected for further invertase characterization. Invertase Activity Characterization
Enzymes are influenced by many factors, such as temperature, pH, and metal ions or co-factor affinity. From all potentially deactivating factors, temperature is the best studied. At elevated temperature, many enzymes become (partly) unfolded and/or inactivated, meaning that they are no longer able to perform the desired tasks [17] . The culture medium pH may also cause denaturation of the enzymatic structure, affecting the enzyme interaction with substrate and altering the activity levels. Moreover, many enzymes require metal ions for maximal activity [18, 19] . In this context, the characterization of the selected Talf1 crude enzymatic extract (maximal activity, 163 U ml −1 at 50°C, pH 5.5) was performed to verify the optimum temperature and pH of invertase activity for sucrose, as substrate, as well as to evaluate its thermal and pH stability. Figure 2 shows the results of Talf1 invertase activity characterization, where the relative activity is expressed as a percentage of the maximum value. Figure 2a shows the influence of temperature (20-70°C) on Talf1 invertase activity, with the maximal activity at 50°C. At 60°C, only a residual invertase activity of about 14 % was observed, and above 65°C, all invertase activities were inactivated due enzyme denaturation. In Fig. 2b , the pH profile of Talf1 invertase, where the optimal pH was 5.5 can be observed. Thus, for the determination of the optimized invertase activity on Talf1 enzymatic extract, a temperature of 50°C and the sodium citrate buffer 50 mM at pH 5.5 should be used. The thermostability assays for the enzymatic extract were conducted at 30°C since this is the optimal temperature for BDS tests, 45 and 50°C (optimal temperature for invertase activity). The results presented in Fig. 2c show that although the optimal temperature for Talf1 invertase activity is 50°C, its stability at that temperature is extremely reduced, occurring a total denaturation within 30 min. For 45°C, a temperature near the optimal, an invertase activity loss of about 45 and 70 % was observed within 3 and 6 h, respectively, with the total enzyme denaturation occurring within ∼24 h. The higher stability of invertase activity was attained at 30°C and pH 5.5 (Figs. 2c, d ) in which after 13 days, a remaining activity of 40 % was still observed. However, the pH increase to 6.5 and 7.5 influenced severely the enzyme stability, remaining only about 5 % invertase activity after 1 day at pH 7.5 and 7 days at pH 6.5. Thus, a sharply loss of Talf1 invertase activity was observed for pH 7.5 (Fig. 2d) .
A recent review by Kadowaki et al. [12] describes several invertases produced by filamentous fungi and yeasts, being the fungi considered the best producers of industrial invertases. In the filamentous fungi′s group, the invertases optimum pH (pH opt ) and temperature (Temp opt ) range from 2.6 to 6.0 and 50-60°C, respectively, while in the yeasts' group, the invertases pH opt and Temp opt range from 3.5 to 6.5 and 30-75°C. Several yeast strains are reported as invertase producers, being the Saccharomyces cerevisiae the most extensively used for the industrial production of invertase. However, our study describes, for the first time, the novel extracellular invertase activity produced by a Zygosaccharomyces yeast strain, namely Z. bailii strain Talf1, with pH opt of 5.5 and Temp opt of 50°C and exhibiting high stability at 30°C for pH 5.5-6.5. The influence of different metallic ions, namely Ca , and Cu 2+ stimulated the Talf1 invertase activity. In the presence of Ca 2+ and Ba
2+
, the stimulatory effect was only perceptible when 10 mM was used in contrast with the results for Mn 2+ and Fe
3+
, which induced a higher stimulatory effect on invertase activity at the lower concentration tested (1 mM). The stimulatory effect on the enzyme activity observed for Co , and WO 4 2− caused no significant effect on invertase activity at 1 mM, but at 10 mM, significant inhibitory effects were observed specially for Zn , at 10 mM, was the anion that produced the highest inhibitory effect with a decrease of 67.4 % on the invertase activity.
In overall, it is of major importance to know well of the enzyme characteristics when the goal is to get its best performance within a bioprocess. The maximized enzyme activity and its stability, both to temperature and pH, are some of the most crucial features to have in consideration for application of enzymes in bioprocesses [20, 21] . In this context, since Talf1 crude extract is able to exhibit invertase activity at 30°C and pH 7.5 within 24 h (Fig. 2d) , the optimal growth conditions for G. alkanivorans strain 1B further enzyme application to DBT desulfurization by this bacterium was studied.
DBT Biodesulfurization
Aiming to evaluate the advantage of the application of Talf 1 enzyme extract with invertase activity to BDS processes by G. alkanivorans strains 1B using sucrose as carbon source, two sets of DBT desulfurization assays were carried out: (i) BDS tests with no addition of invertase and (ii) BDS tests with 1 % Talf 1 invertase in a SSF approach, and their process effectiveness was compared. The time course profiles for cell growth and 2-HBP production during both BDS set of assays with G. alkanivorans strain 1B are presented in Fig. 4 , and the main kinetic parameters of those processes are summarized in Table 2 . These results show that the maximum growth and desulfurization rate attained in the SSF approach (Fig. 4b) were much higher in comparison with those obtained in the desulfurization process with no invertase addition (Fig. 4a) . In the presence of invertases, a 2-fold increase in growth rate, from 0.035 to 0.070 h −1 , was observed due to the reducing sugars (fructose and glucose) available in the culture medium that were consumed much faster by strain 1B than sucrose. These results are in accordance with the lower affinity of G. alkanivorans strain 1B to sucrose in relation to fructose, as described previously by Alves and Paixão [9] . When fructose is present in culture medium, it is consumed preferentially by strain 1B. The invert sugar (mixture of glucose and fructose) was released from the beginning of SSF process confirming the immediate action of invertases, which attained a complete hydrolysis of sucrose in less than 24 h despite they were not at their optimal activity conditions.
The faster biomass production within the BDS process with Talf1 crude invertase led to a more effective process, which is corroborated by the reduction in strain 1B growth time from 7 to 3 days in combination with the increase of maximum 2-HBP production from 149.93 μM within 125 h (Fig. 4a) to 186.28 μM within 61 h (Fig. 4b) . In sucrose non-hydrolyzed, the G. alkanivorans strain 1B attained a maximum productivity of 2.36 μM(2-HBP)h −1 corresponding to 2-HBP-specific Fig. 3 Influence of metallic ions (1 and 10 mM) on invertase activity of the crude enzyme extract produced by Z. bailii strain Talf1 after 7 days of growth in YMB supplemented with 25 % (w/v) JA pulp at 25°C, pH 6, and 150 rpm production rate (q 2-HBP ) of 0.96 μmol g −1 h −1 . However, in SSF approach, the bacterium attained 5.80 μM(2-HBP) h −1 corresponding to a q 2-HBP of 2.60 μmol g −1 h −1 (Table 2) . These results show a high improvement of DBT desulfurization process, with the incorporation of Talf1 enzyme extract within the process in a SSF approach, when sucrose is used as sole carbon source. A 2-HBP productivity of 5.80 μM h −1 corresponds also to an increase in the desulfurization rate higher than 100 % when compared with that obtained in glucose [6, 9] or glucose-rich materials [7] . These are promising results for further optimization of an integrated BDS process with Talf 1 invertase, having in account the use of agromaterials (agroindustrial residues or renewable substrates) as cheaper carbon sources, both for Z. bailii strain Talf1 crude invertase production and desulfurization process by G. alkanivorans strain 1B, viewing the cost reduction of the process for future scale-up. 
Conclusions
In this study, a novel extracellular crude invertase produced by Z. bailii strain Talf1, exhibiting high activity was described by the first time and further applied to a DBT desulfurization process using sucrose as carbon source into an integrated approach (SSF). Talf1 invertase activity presents high stability at 30°C for pH 5.5-6.5. Despite its lower stability at pH 7.5, Talf1 invertase extract was able to catalyze the full hydrolysis of 10 g l −1 sucrose in SFM into glucose and fructose, contributing to a faster uptake of the monosaccharides by G. alkanivorans strain 1B during BDS and, consequently, to a 2.5-fold increase in bacterial growth. In SSF approach, the desulfurizing bacterium attained a 2-HBP productivity that improved 2.6-fold in relation to the productivity obtained in BDS process without invertase addition. Thus, SSF approach seems to be a promising tool for further optimized integrated BDS process with Talf1 crude invertase, where sucrose should be replaced by sucrose-rich agroindustrial materials, such as sugar beet molasses or carob pulp syrup, as cheaper alternative carbon sources viewing a more cost-effective process.
